Abstract Photonic crystal based superprism offers a way to design new optical components for beam steering and DWDM (Dense Wavelength Division Multiplexing) application. Three-dimensional (3D) photonic crystals are especially attractive as they could offer more control of the light beam. A FCT (Face-Centered-Tetragonal) woodpile structure has been fabricated using layer by layer stacking techniques with E-Beam lithography. Special planarizations and processes have been introduced to ensure the survivability and good alignment of the fabricated nanostructures. Scanning electron microscopy results proved the structure uniformity. With the proper design, the structure exhibits superprism effects around 1550 nm, and such effects have been observed in the experiments. PACS 42.70.Qs · 42.82.Cr · 81.05.-t
netic wave propagation affect significantly the development of the micro-and nano-optoelectronics [1] [2] [3] [4] [5] . One of the many interesting phenomena is the superprism effect in the photonic crystal. It is the anomalous refraction of light at an interface between a photonic crystal and a homogeneous medium. The refraction angle is found to be very sensitive to the change of incident angle and wavelength under proper conditions. Such an effect arises from the anisotropy of the bands in the photonic crystal and such dispersion effects could be hundreds of times stronger than the conventional prism. And that is where it gains the name "superprism". A number of groups have previously designed and fabricated superprism devices since its introduction by Kosaka and coworkers [6] . The superprism effect in two-dimensional periodic systems was investigated by Baba et al. [7] and Chung et al. [8] afterward. The first experimental demonstration of the two-dimensional (2D) superprism effect was reported by Wu et al. [9] who employed an asymmetric GaAs-AlGaAs heterostructure to provide light confinement in the third dimension via total internal reflection. On the other hand, in the three-dimensional (3D) photonic crystal case by careful design you can get a better control of light in all directions, and you can achieve a more versatile design. Also the 3D photonic crystal can offer you a real 3D superprism effect instead of the in-plane superprism effect. In the literature, there is a great diversity in the fabrication approaches to make two-dimensional and three-dimensional photonic crystals. Therefore, improving the quality in terms of being more feature-size flexible, materials flexible and less time consuming is needed. Despite the remarkable progress in the fabrication of two-dimensional photonic crystals [10] , there remain significant challenges for the fabrication of 3D photonic crystals, especially for producing sub-micron periodicity for near-IR applications. Many 3D fabrication approaches have been studied on a number of material plat-forms. Among them, holographic fabrication [11] , microassembly of planar semiconductor layers [12] and multiphoton absorption [13] have been investigated to create certain microstructures. However, for the aforementioned approaches the final structure is not that versatile [14] [15] [16] .
E-beam lithography is a common approach to make nano-size structures. It can produce sub-10 nm structures easily, and with the advance of technologies people can build 3D structures with an alignment accuracy of less than 50 nm. Here we based on it and used an Electron Beam Lithography (EBL) machine (Jeol JBX6000) to fabricate 3D photonic crystal structures. The structure we have chosen is the woodpile Face Centered Tetragonal (FCT) structure. Basically it possesses one-dimensional (1D) periodic structure on each layer, and is produced by controlling the period of both horizontal/vertical directions and the aspect ratio of the periodic structures. We can achieve superprism effects around 1550 nm, which fits into the conventional optical communication transmission window.
Fabrication process
Most of the semiconductors have atoms arranged in a diamond lattice structure, and energy bandgaps for electrons occur in this particular geometry. Similarly, the widest photonic bandgap takes place in the diamond lattice structure. Moreover, the diamond lattice structure is the most preferable configuration as the structure exhibits a photonic bandgap with the lowest contrast of the refractive index, i.e., the value of 2 [17] . However, its complicated arrangement of lattice points hinders the practical fabrication for optical wavelengths. Thus, in order to cope with the difficulties of making diamond lattice structures, a structure with a diamond-like properties and with a practical geometry for fabrication is required [18] [19] [20] [21] [22] . A sketch of a woodpile structure that can make the superprism effect and periodic arrays of dielectric rods placed on another array of rods perpendicular to one another forming a photonic crystal is shown in Fig. 1 . For its appearance the structure is called the "woodpile structure". The stacking sequence is such that a unit cell consists of every four layers. The distance between four adjacent layers is denoted by c. Within each layer, it has the layers of one-dimensional rods in-plane rod spacing d with a stacking sequence that repeats itself every four layers, the distance between in-plane rods is d; w and h are the width and height of each in-plane rod, respectively. The adjacent layers are rotated by 90 • . Between every other layer, the rods are shifted relative to each other by a half of a period (d/2). Generally, the resulting structure has a face-centeredtetragonal (FCT) lattice symmetry. For the special case of c/d = √ 2, the structure has a face-centered-cubic (FCC) Fig. 1 A sketch of a woodpile structure, where c is the distance between four adjacent layers, d is the distance between in-plane rods, w and h are the width and height of each in-plane rod, respectively symmetry. By the above procedures, the 3D photonic crystal structures were fabricated by the layer-by-layer stacking method. Our 3D polymer photonic crystals are fabricated using the layer-by-layer stacking method. The structure consists of layers one-dimensional rods, stacking according to certain crystal symmetry to form a lattice structure. The fabrication procedure can be summarized as shown in Fig. 2 . We first write the alignment marks on the silicon substrate. And each layer's pattern is written at a correct position referencing to the alignment marks fabricated in the first step. After developing the E-beam resist, the pattern is transferred to the SiO 2 layer by Reactive Ion Etch (RIE). The following step is the planarization of each layer. The polymer DUV30J is spin-coated to planarize the wafer surface. Then RIE is used to expose the SiO 2 surface by etching back at the same rate of polymer and SiO 2 . Digital Instrument AFM is used to measure the surface roughness and planarization results. By repeating the process, we have fabricated four layers of a woodpile structure.
Here we will fabricate 3D polymer/ SiO 2 photonic crystal superprism with low refractive index contrast. It has low loss at 1550 nm wavelength and thermal stability. The polymer also needs to have good planarizing property. So DUV30J (Brewer Science) is chosen as the polymer material for superprism. The first layer e-beam resist ZEP 520A spun at 4000 rpm for 60 seconds was patterned by the e-beam lithography. A RIE step was executed afterwards to create the desired pattern in the underlying SiO 2 layers. To create the second layer, a key issue is the planarization. We coated the 1st layer with DUV30J (Brewer Science) and then carefully controlled the etch back time in Oxford RIE, 30 mtorr total pressure, 20 sccm CHF 3 , 20 sccm Ar, SiO 2 etch rate ∼35 nm/min. We firstly only use O 2 to remove the polymer DUV30J to expose SiO 2 layer. It is difficult to control the etching stop time. If the etching time is over 1-2 min compared with the threshold etch time, the max peak-to-valley Then we improved the etch-back process by simultaneously etching-back both the polymer DUV30J and SiO 2 at the same rate until the SiO 2 layer is exposed on the planarized surface. The chemistry of the etch-back process is based on CHF 3 and O 2 gas. High planarization level and low surface roughness can be obtained by adjusting CHF 3 and O 2 gas flow and RF power [23] [24] [25] . The etch rate of both the polymer and SiO 2 can be controlled at about 26 nm/min with a power 200 W and a chamber pressure 30 mtorr. The gas flow rates are 20 sccm CHF 3 and 3.8 sccm O 2 . Then we can over-etch 1-2 min to expose SiO 2 surface. The AFM image and profile of the first layer etched back by RIE show the max peak-to-valley distance is less than 10 nm after etchback process to create a flat basis for the second layer SiO 2 deposition. The further steps are just a repetition of the first 8 steps, and eventually we got a layer-by-layer SiO 2 /polymer woodpile structures. 
In-plane superprism effects simulation and demonstration
When fabricating, according to the symmetry in FCT and FCT approximate calculation, we used the FCT unit vectors as the unit vectors for the bulk simulation. With the structure data extracted from the previous simulation and experiment we calculated the y-z plane, or (100) plane, in-plane superprism effects. The 3 unit vectors in the real space we used in the simulation were
where all the units were in µm. And the corresponding unit vectors for the reciprocal lattice were b 1 = 3.74x + 4.52y − 7.36z, b 2 = 3.74x − 4.52y + 7.36z,
where all the units were in µm −1 . The band structure is calculated using BANDSOLVE software package which utilizes the plane wave expansion method. Figure 4(a) shows the photonic band structure calculated for FCT lattice woodpile with w/d = 0.266 and h/d = 0.305 in the polymer/SiO 2 medium and with n = 0.17. There is no complete bandgap in such a woodpile due to low refractive index contrast. This band structure only displays the energy along lines connecting the high symmetry points on the Brillouin zone surface (shown in the inset of Fig. 4(b) ). To calculate the dispersion surface, we need to calculate the entire band structure throughout the first Brillouin zone. Now we are looking at the in-plane optical properties. We have drawn the dispersion surface of the 4th band in (100) plane as shown in Fig. 5(a) . At low normalized frequency (ωa/2πc < 0.7), far from the partial bandgap, the band structure is isotropic, and the dispersion surface is circle- Fig. 6 a The optical setup to observe the superprism effect. b Beam propagation without the superprism effect at 1573 nm. c The superprism effect at 1581 nm like with a radius given by the magnitude of wave vector. At high normalized frequency (0.7 < ωa/2πc < 1.1), near the photonic bandage, the band structure becomes anisotropic. As a result, the shape of dispersion surface deviates from circle. Here we chose "a" from 1088 to 1092 nm, the results could be in good agreement with the following simulation data. The propagation direction is obtained by computing the normal to the dispersion surface at the end point of the propagation wave vector based on the momentum conservation rule. And in this case with an input angle of 11 • , we can achieve a maximum beam steering from 14 • to more than 48 • within 3 nm wavelength tuning. The simulation results are shown in Fig. 5(b) .
Due to the fabricating error and the limitation in experimental techniques, much bigger error with more multilayers, we only used the light in plane direction for limiting propagation. Thus, 4 layers of rods are enough to demonstrate the superprism effect in two-dimensional plane of the fabricated samples. To demonstrate the superprism effect in the fabricated samples we have conducted transmission experiments as shown in Fig. 6(a) . The 3D sample was mounted on the optical stage, and a lensed fiber with an output beam diameter of 2 µm was used to couple the laser light into the fabricated sample. The beam direction inside the photonic crystal was monitored by a CCD camera mounted right above the sample. By tuning the tunable laser wavelength we have observed that the beam inside the photonic crystal region changed 37 • when the wavelength was changed from 1573 to 1581 nm (shown in the inset of Figure 6(b), (c) ). Because the input angle is very sensitive for observing superprism effect and the laser light is very difficult to couple into the fabricated 3D sample, we only discussed two wavelengths 1573 and 1581 nm. Such an experiment result is very similar to the simulation and is a direct confirmation of the feasibility of using woodpile structure for beam steering application. Compared with the superprism effect around 1580 nm in the experiments and the simulation results at 1668 nm, this difference between the experiment and the simulation can be attributed to the rods that are not exactly rectangular solid, etch bias and the defects in the fabricated samples.
Conclusions
In conclusion, we have demonstrated the fabrication of a nano 3D woodpile photonic crystal structure with layer-bylayer stacking techniques combined with e-beam lithography. Such a structure provided strong, both wavelength sensitive superprism effects around 1550 nm, which is suitable for the telecommunication application.
